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Abstract. In general, uplift causes changes in the structural system making its behavior and dynamic
characteristics very different to common soil-structure models where no uplift is applied. Changes in rotational
stiffness and lateral stiffhess of structures, variations in radiation damping as well as the effective damping of
structure are among the examples of these changes. Many valuable studies have been carried out in the past years
about seismic control of structures with tuned mass damper (TMD) in case of two-dimensional shear structures with
few performed in case of three-dimensional shear buildings. More realistic and complex models should be used in
evaluating the seismic performance and design of controllers to simulate the actual behavior of buildings with higher
accuracy. In this research, a three-dimensional finite element model has been created in OpenSees software with
completely nonlinear and updated behavior of soil-structure system. The effects of uplift on soil-structure system
equipped with TMD have been assessed using it. The conditions of employing TMD with variable stiffness have
been evaluated with respect to the process carried out in this research. According to the results, based on the type of
soil the structure has been designed based on, the uplift of structure can be reduced by installing TMD while it cannot
be reliably used for reducing displacement and lateral acceleration of the structure. Finally, evaluation of other
responses of the structure related to damages to the structure revealed the good performance of TMD.

Keywords: high-rise concrete structures; nonlinear analysis; soil-structure interaction; tuned mass damper;
uplift

1. Introduction

Numerous and valuable studies on structures with passive seismic monitoring systems over the
past four decades as well as the reflection of benefits of these type of systems being mainly the
equipment cost and easy manufacturing process have prompted engineers to widely use them for
reducing the loads applied to the structure caused by earthquake and wind (Spencer Jr and
Nagarajaiah 2003, Liu et al. 2008). TMD is one of the simplest and most effective devices of
passive control systems with low maintenance costs which increase the structural performance
against environmental loads (Gerges and Vickery 2005, Shooshtari and Mortezaie 2017). This
device includes a block with huge mass added to the structure which is either installed on the floor
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or hung from the ceiling similar to a pendulum. This mass is usually surrounded by several springs
and viscous dampers in order to provide stiffness and damping. The public interest of engineering
community to passive systems and especially TMD has led to more complementary studies to be
carried out on understudied aspects of these systems.

Other than the type of the structure (concrete and steel structure, linear or nonlinear materials)
(Fajfar 2000, Sgobba and Marano 2010, Aguirre and Almazan 2015, Shooshtari and Mortezaie
2017), type of structural analysis, algorithms and different methods of optimization for TMD
parameters (Gerges and Vickery 2005, Bakre and Jangid 2007, Greco and Marano 2013, Aguirre
and Almzan 2014) and consideration such as structural torsion (Singh et a/. 2002, Li and Qu 2006,
Tse et al. 2012), the issue which has attracted less attention in complementary studies is that TMD
performance evaluation regardless of subsoil consideration is far from reality. Existence of soil
under the foundation leads to lateral and rotational degrees of freedom in foundation and
subsequently, the general behavior of soil-structure system changes (Jafarieh and Ghannad 2014).
These changes in turn can increase or decrease the nonlinear behavior of structure, change the
general behavior of soil-structure system and as a result change the system response which
includes increasing lateral displacement and inter-story drift under earthquake load and eventually
leads to corruption as well as loss of performance expected from the structure (Khatibinia et al.
2016, Khoshnoudian et al. 2016). That is why nowadays there is a severe need for simulating
actual behavior of buildings with greater accuracy using more realistic and complex models to
evaluate the performance of seismic control devices (Moehle et al. 2008, Nigdeli and Boduroglu
2013).

There are a few studies about structures with TMD by considering the effect of soil-structure
interaction where these few studies can be classified in two categories.

The first category is related to optimization of TMD parameters (Khatibinia et al. 2016, Bekdas
and Nigdeli 2017, Mortezaie and Rezaie 2018a) while the second is related to studies examining
the effect of soil-structure interaction subjected to wind load (Liu et al. 2008, Farshidianfar and
Soheili 2013) and earthquake load on structures with one floor (Ghosh and Basu 2004, Wang and
Lin 2005) or several floors (Wu et al. 1999, Takewaki 2000). Khoshnoudian et al. (2017)
evaluated three steel structures with a linear behavior and with TMD subjected to 52 near field
earthquakes in order to evaluate the effects of soil-structure interaction. The results indicated that
soil rupture reduces TMD efficiency.

Salvi et al. (2018) noted the importance of considering the effects of SSI. Their paper states
that the efficiency rate of TMDs remains controversial and in addition, considering the SSI has a
significant effect on the adjustment of TMDs.

In their study, Jia and Jianwen (2019) examined the effect of various parameters such as
structure aspect ratios, height, the foundation embedment as well as the soil-layer thickness on the
TMD performance. Also, they examined the structural responses by adjusting the TMDs in two
modes of considering and neglecting the soil effects. They found that when the TMD is adjusted
considering the effects of soil-structure interaction, their performance will be 25% better. On the
other hand, this damper, in the case of adjustment while neglecting the effects of soil, reduced the
response of the structure by 30%.

Abd-Elhamed and Mahmoud (2019) compared the response of structures considering the
effects of SSI under near-field and far-field earthquakes. They showed that near-field records
create a higher demand in the structure. Also, considering the effects of SSI would decrease the
role of TMD in reducing the structural response.

Note that studies on soil-structure systems with TMDs have usually been carried out on two-
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dimensional shear structures by assuming linear behavior for materials.

In the present research, the simultaneous effects of soil-structure interaction (SSI), uplift of the
foundation as well as inelastic behavior of the upper structure and subsoil have been evaluated
with a detailed three-dimensional finite element model of a high-rise concrete structure designed
using performance based plastic design (PBPD) equipped with TMD while considering the aspects
already been mentioned. For this purpose, the time history analysis has been carried out on a
twenty-story concrete structure model subjected to Kobe Shin Osaka and Northridge Beverly Hills
earthquake records. Advanced Ibarra model (Haselton 2006) was used for modeling the concrete
hysteresis behavior. Tuned Mass Spectra (Shooshtari and Mortezaie 2017, Mortezaie and Rezaie
2018b) has been used for optimizing the TMD parameters by evaluating the changes of seven
criteria of structural responses.

In this research, we tried to investigate the performance of concrete structures equipped with
TMDs by considering soil-structure interaction and level of structural damages.

2. Properties of evaluated high-rise concrete structure

A twenty-story concrete structure with a special moment frame system was designed based on
instructions of PBPD method and further evaluated in this research.

The site of evaluated structure was Los Angeles, California with high seismic risk in
accordance with ASCE7-10 (ASCE 2013) regulations with soil type of D. 28-day compressive
strength of concrete in beams and columns was considered to be 35 MPa and 42 MPa respectively.
The height of structural floors on the first floor and other floors were 460 cm and 400 cm
respectively. The target design drift ratio was considered 2% and target yield drift 0.5%. The dead
load of floors was equal to 850 kilograms per square meter and the live load of floors was
considered 40 kilograms per square meter.

Tables 1-2 report the specifications and dimensions of beam and column elements along with
three-dimensional tensile plus compressive reinforcements of the structure in two x and y
directions. Fig. 1 displays the plan of structure and the plan of foundation along with dimensions
and characteristics. It was assumed that the whole evaluated structure was placed on a shallow
foundation at a depth of 3 meters from the ground.

3. Structural modeling
3.1 Specifications and model of soil

Calculation of seismic response of soil-foundation-structure system requires deep knowledge
and understanding about basic parameters of soil such as dynamic stiffness of foundation, which is
generally determined by coefficients of springs and dampers (Ghannad and Jafarieh 2014).

Non-linear time history analysis for the structure was carried out in this study for the same type
of soil for which the structure was designed. The model presented in FEMA 440 (2005) (FEMA
2005) was used for this purpose to capture the SSI effect. A set of springs placed at the end of each
column at the height equal to foundation was used for modeling the foundation and the foundation
subsoil. This set of concentrated springs included a vertical spring in z direction with non-linear
behavior, two horizontal transmission springs plus two rotational springs around x and y axes
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Fig. 1 Plan of structure and foundation along with a cross-section of foundation

Table 1 Specifications and dimensions of beam and column elements in two x and y directions

Beams Columns
size (cm)  Pream’ (%) P'ocam’ (%) Size (¢mM)  P*Exierior Column (%) P* Interior Column (%)
Story 1 75%75 0.45 0.62 80x80 1.22 1.22
Story 2 75%75 0.39 0.62 80x80 1.49 1.98
Story 3 70x75 0.36 0.63 80x80 1.22 1.83
Story 4 70x75 0.35 0.62 80x80 1.22 1.49
Story 5 70x75 0.37 0.66 80x80 1.22 1.22
Story 6 65x%70 0.41 0.75 75%75 2.26 2.77
Story 7 65x70 0.40 0.74 75%75 2.08 2.26
Story 8 65x70 0.39 0.72 75%x75 2.08 2.08
Story 9 65x70 0.38 0.70 75%x75 1.39 2.08
Story 10 65x70 0.36 0.69 75%75 1.13 2.08
Story 11 60x65 0.49 0.90 75%75 1.13 2.08
Story 12 60x65 0.48 0.86 75%75 1.13 2.08
Story 13 60%65 0.44 0.81 75%75 1.13 2.08
Story 14 60x%65 0.38 0.76 70x70 1.59 2.39
Story 15 60%65 0.35 0.69 70x70 1.59 2.39
Story 16 40x%55 0.54 1.10 70x70 1.59 2.39
Story 17 40x%55 0.50 0.96 70x70 1.30 1.94
Story 18 40%55 0.44 0.79 70x70 1.30 1.94
Story 19 40%55 0.37 0.62 70x70 1.02 1.59
Story 20 40%55 0.35 0.35 70x70 1.02 1.02

fTension Reinforcement ratio of beam; *Compression Reinforcement ratio of beam; “Reinforcement ratio of
column
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Table 2 Equations used for calculation of stiffness of springs and foundation depth coefficients (FEMA 2005)

Degree of freedom Stiffness Embedment factor
2D\%®
Horizontal K. = GL (2 s (5)0.85) By = (1 +0.15 (?) >
translation ¥ 2—v AL d 0.4
(toward short side) GL B (D - 7) (L+B)d
x-direction ~075-=v (0.1 (1 - Z)) X |1+0.52( 16 T

Horizontal
translation
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y-direction

Vertical translation
z-direction

b=(1+015(3)")

(D - %) 16(L + B)
2B

GL B 0.85
X1+ 0.52
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Table 2 Continued

Degree of freedom Stiffness Embedment factor
Rotation GL 73 (1\°% B _ d 2d (d\ "% (B\**°
(ot xadis)  Kox = o (E) (2.4 + o.sz) Box =1+ 252 (E) x (1 +§(5) (Z)
Rotation _ Gly°‘75 2015 ~ 24 06 ; 20\ /g 060
(about y axis) Koy =5 2(5) foy=1+092(7)  x(15+(T) (5)

Table 3 Specifications of type D soil, ultimate strength of soil and yield force of springs

Properties of the soil Class D Yielding force for vertical springs
|78 o Go' G = 0.42G,* y* Guitt Interior springs Exterior springs
(m/s) (kN/m?) (kN/m?) (kN/m3)  (kN/m?) (kN) (kN)
270 025 13700 5750 1841  598.75 22100 16700

*Average shear wave velocity; “Poisson’s ratio; 'Initial shear modulus; “*Effective shear modulus; *Soil unit
weight; {Average estimated value of ultimate bearing capacity

(Fig. 2).

The stiffness of these springs depends on mechanical characteristics of soil, foundation
dimensions and depth of foundation from the ground according to equations presented in FEMA
440. Since the effect of soil conditions and characteristics of earthquake acceleration on nonlinear
dynamic performance of structure have been evaluated in this research, the effects of radiation
damping on the structural response have not been considered in this study.

It has been assumed that the only available damping is damping of materials in the structural
system and this damping calculated using Rayleigh damping equation and dominant modes of
structural system. Transitional stiffness of springs in X, y, and z directions are equal to B,K, and
By K, and B,K, respectively which have been obtained based on equations presented in Table 2.

The specifications of soil with values mentioned in IBC 2000 (IBC 2000) have been considered
in Table 3 through implementing the specifications mentioned for type D soil in ASCE regulation
with IBC regulation. Springs used to model the soil and foundation system have been assumed to
have compressive strength without tensile strength. In this research, the nonlinear behavior of soil
was considered without any tensile strength for vertical springs according to Fig. 2 by assuming a
bilinear simple deterioration model. The yield force of springs was obtained through multiplying
the ultimate capacity of soil by effective surface of foundation. The equation presented in ATC-40
(1996) (Comartin et al. 2000) was used for estimating the ultimate capacity of soil

1
qult=(C'Nc'qc)+(V'D'Nq’Qq)+<§y'B'Ny'qy> (1)

In this equation: ¢ is the soil cohesion, N., N, and N, represent the bearing capacity factors
of soil, q., q4 and g, are factors of foundation shape. y is the unit weight of soil volume, D

is the depth of the buried foundations and B is the width of foundation. The final strength of the
soil has been obtained based on soil profiles and Tables 7-10 of ATC-1996 regulation. In the end,
the yield force of springs for external and internal supports was obtained according to Table 3. It
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has been assumed that horizontal and transverse springs will act in a linear elastic form without the
ability to endure tension in accordance with Fig. 2.

3.2 Features of the structural model

The analysis and modeling of nonlinear structures based on incorrect and unrealistic methods
can lead to incorrect and illogical answers. There are many finite element models for concrete
structures. However, most of them are not able to simulate the structural failure.

Hysteresis model which has been used in this model for modelling the nonlinear behavior of
reinforced concrete beam and column elements was calibrated and updated model of Ibarra as
presented by Haselton (2006) and based on a series of extensive laboratory results. Haselton has
presented a series of empirical equations based on the same experiments for parameters of this
model for computational modelling. This model can capture important deterioration and strength
reduction modes which can result in lateral collapse of the entire structure. Modelling was done in
OpenSees software using beam-column element composed of an elastic element and two moment
rotation hinges focused at both ends and with a length of zero (Fig. 3). The weight of each floor in
the structure has been considered to be equal to other floors and equal to 4641 kN. This weight has
been considered in the center of mass of each floor. The floor diaphragm of the structure has been
assumed to be in form of rigid diaphragm.

Concerning the effect of earthquake in two directions perpendicular to each other, accidental
eccentricity was considered 5% of the dimension of structure perpendicular to the earthquake only
for earthquake in y direction for capturing the accidental torsion. First, the second and third
oscillation frequencies of structure were 2.74 Hz, 3.17 Hz and 8.66 Hz respectively.

3.3 Applied base stimulations

Time history analysis was carried out on the introduced structural model using two far-field
earthquake record accelerations for optimizing and evaluating TMD parameters. Each of these
earthquakes has consisted of two earthquake records perpendicular to each other (in x and y
directions). The acceleration recorded during Northridge and Kobe earthquakes along with
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Fig. 3 Schematic image of beam and column element along with Ibara’s hysteresis model
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Fig. 4 Record of earthquake applied on two x and y directions along with Fourier series: (a) Northridge-
Beverly hills-0°; (b) Northridge-Beverly hills-90°; (¢) Kobe-Shin Osaka-0°; (d) Kobe-Shin Osaka-90°

Fourier series are shown in Fig. 4. As can be seen, the dominant frequencies of the Northridge
earthquake in the directions of x and y are equal to 1.17 and 1.9 Hz, respectively, and the dominant
frequencies of the Kobe earthquake in the directions of x and y are equal to 1.44 and 0.81 Hz,
respectively. In addition, the Northridge earthquake has a narrower frequency band than the Kobe
earthquake.

4. Evaluation of the results of the analyzing and optimizing TMD parameters

A TMD with three parameters of stiffness (K;), damping (C;) and mass (m,;) has been
introduced whose optimization can increase the performance of TMD. The mass of TMD is
generally considered as a percentage of total mass of the structure.

TMD damping can be achieved through multiplying the damping ratio by critical damping of
TMD [§; = C;/(2my X wg)]. Also, as TMD adjusted for the structure, the tuning ratio (8) is the
ratio of TMD vibration frequency to the structure vibration frequency (8 = wg/w).

The top performance of active mass damper (AMD) and semi-active mass damper (SAMD) has
been different compared to TMD due to changes in stiffness of these controlling systems and
increased versatility in those under different loads with frequency content.
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Fig. 5 Changes the maximum uplift occurred in the studied structure

Thus, f parameter which shows the TMD to structure stiffness ratio is clearly more important
than mass and damping parameters of TMD. Thus, evaluation of changes in the maximum
response of the structure under a range of different TMDs with different f coefficients can
represent the performance of TMD and can be used in predicting AMD and SAMD performance.

Tuned mass spectra is a powerful method for evaluation of effects and optimization of TMD
parameters in a certain earthquake (Shooshtari and Mortezaie 2017). In this study, the maximum
response of the structure was obtained in each earthquake record using tuned mass spectra and
based on performing 57 non-linear time history analysis on three-dimensional model of a twenty-
story concrete structure with  changes from 0.6 to 1.2 for TMDs with different damping ratios
of 1%, 5% and 9% as well as mass ratios of 0.5%, 1.0%, and 1.5%.

Fig. 5 reveals the uplift response of structure subjected to two Kobe and Northridge
earthquakes respectively. As seen, TMD could reduce the maximum uplift up to 3.95% and 5.70%
respectively. This level of reduction in each earthquake occurred within different ranges of
coefficient.

Also, at a specified mass ratio with changing the TMD damping, no particular changes could be
observed in the uplift of structure. The improvement in TMD performance in reduction of occurred
uplift in the structure was clearly evident upon increasing the mass of TMD.

The structure was analyzed in the same soil type, which was designed for it. As seen in Fig. 5,
the maximum uplift in the structure has not been negligible. This level of uplift certainly affects
other structural responses. Since evaluation of one parameter cannot lead to achieving a proper
judgment about the performance of the studied structure, other responses such as displacement,
inter-story drift, dissipated plastic energy, base shear force and acceleration, as well as number of
plastic hinges in structure subjected to these two earthquakes have been evaluated (Fig. 6). As seen
in most presented diagrams, changing damping has not greatly affected the structure, and increased
mass generally improved the performance of TMD.

TMD reveals a poor performance in controlling the maximum lateral displacement in Kobe
earthquake unlike Northridge.

In the case of Kobe earthquake, only if my, & and £ are 1.5%, 9% and 0.7, respectively, the
maximum displacement will be reduced by 0.11%, and in other ratios under this earthquake, there
will be an increase in maximum lateral displacement of the structure, which the maximum
increasing is 4.76%. While in the Northridge earthquake in the [ values about 0.6 to 0.8,
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Fig. 6 Continued

increasing in displacement and in the intermediate § values, decreasing in maximum lateral
displacement to 6.77% can be observed.

The performance of TMD in controlling the maximum plastic energy and the total number of
plastic hinges of structures is very favorable. The reduction in plastic energy in the Kobe and
Northridge earthquakes is at best 37.55% and 50.18%, respectively, which does not depend on the
m, and &, and is seen in S equal to 0.6. Changes of wasted plastic energy shows a linear
behavior compared to f coefficient in a way that increased S coefficient reduces the optimal
performance of TMD. Since reduced maximum plastic energy used in the structure lowers the total
number of formed plastic hinges, it can be concluded that TMD reduces damages to the structure
as well as the number of damaged areas. TMD mass has a minor effect on reducing plastic energy
wasted in the structure.

In the inter-story drift diagram, reduction of [ coefficient improves the performance of TMD
subjected to Kobe earthquake. A decrease in inter-story drift between 1% and 6.47% can be seen
in the diagram. Meanwhile, we observe the optimal performance of TMD in Northridge
earthquake in the central ranges of [ coefficient. The decrease in drift is 13.19% at best and 7.14%
at worst.

Equipping the structure with TMD would reduce the base shear force which is greater in case
of Northridge earthquake, which is about 8% to 9%. This reduction in the Kobe earthquake
reaches a maximum of 2.88%. Since lower acceleration of the structure during earthquake reduces
loss of life resulting from elements connected to the structure, its evaluation is vital. Evaluation of
the structural acceleration in the last evaluated diagram did not show the same behavioral pattern
in the two evaluated earthquakes; TMD led to increased acceleration in all evaluated ranges in
Northridge earthquake from 0.44% to 4.3%, while it showed a different behavior in Kobe
earthquake which would reduce the acceleration from 4.26% to 5.66%.

Figs. 5-6 suggest that TMD can be used for reducing uplift, wasted plastic energy, number of
formed plastic hinges, base shear force, and inter-story drift; however, the optimum parameters of
TMD are different in each one of responses as shown in the presented diagrams. Since damping
has a slight effect on the evaluated response, use of a TMD with variable stiffness can overcome
this problem. Thus, usage of TMD with variable stiffness is recommended. The desirable range of
stiffness changes (f coefficient) subjected to evaluated earthquakes is 0.7-1.05. TMD does not
show a reliable behavior in controlling acceleration and displacement of structure.
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5. Conclusions

In this research, considering the effect of soil and consequently the effect of uplift on a
completely nonlinear soil-structure system, a comprehensive evaluation of responses affecting the
efficiency and performance of the structure was performed. The results of three-dimensional
analysis of twenty-story concrete structures were provided under the effect of two far-field
earthquake records with a range of TMDs with different parameters. The results indicated that
although the effects of TMD on reducing the displacement response and structure acceleration are
unreliable, but TMD showed a good performance in reducing the damage to the structure. In the
case of Kobe earthquake, if S is equal to 0.7, the maximum displacement will be reduced by
0.11%, and in other ratios, there will be an increase in maximum lateral displacement of the
structure, which the maximum increasing is 4.76%. In the Northridge earthquake, a reduction in
displacement occurs in the intermediate [ values, and this reduction is 6.77%. TMD led to
increased acceleration in all evaluated ranges in Northridge earthquake from 0.44% to 4.3%, while
it showed a different behavior in Kobe earthquake which would reduce the acceleration from 4.26%
to 5.66%. The reduction in plastic energy in the Kobe and Northridge earthquakes is at best 37.55%
and 50.18%. Engineers are recommended to consider use of TMD in the structure in structural
design phase. Also, the use of TMD with variable stiffness instead of using TMD with constant
stiffness is recommended as much as possible for providing the optimal performance for a
structure.
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